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H aplosporidium nelsoni is a protozoan parasite that causes the devastating disease MSX
in the Eastern oyster, C rassostrea virginica, along the East coast o f the United States. Until
recently, H. nelsoni had not reached epizootic levels in M aine. However, in the sum m er o f 2010,
H. nelsoni was responsible for significant m ortalities in cultivated Eastern oysters in the
D am ariscotta R iver Estuary. Since the initial outbreak, surveys perform ed by the Departm ent o f
M arine Resources (DM R) show that M SX is still prevalent in the Dam ariscotta R iver Estuary.
The industry rem ains concerned about the parasite levels with each new grow out season. In this
study, M SX prevalence in C. virginica was surveyed at a com m ercial site and two natural oyster
beds in the D am ariscotta River Estuary. Using the results from the prevalence study, organisms
found in and around the com m ercial farms in the river were screened for the parasite in search o f
an interm ediate or reservoir host(s) o f the parasite. O ver a 3-m onth period (August-O ctober
2012), a total o f 316 oyster sam ples were surveyed using histology and a PCR-based assay. H.
nelsoni was prevalent at every site. At some sites prevalence was as high as 50%. Using a qPCR
assay developed for H. nelsoni, the local organism s found in and around the oyster farms were

screened for the presence o f the parasite. The majority o f organism s tested were negative for the
parasite, although weak signal (m ean Cq 26-33) o f H. nelsoni was observed in some tunicates,
gastropods and arthropods. Interm ediate levels o f infection were observed in a very small
percentage o f tunicate species (3.4%).
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CHAPTER 1: GENERAL INTRODUCTION

1.1 History o f Haplosporidium nelsoni (MSX) Infection
As the global dem and for seafood continues to grow, aquaculture has grown in
im portance and popularity. As o f 2008, aquaculture accounted for around 50% o f the w orld’s
seafood supply [1]. It has grown faster than any other animal protein-producing sector [2]. After
finfish aquaculture, oyster cultivation is one o f the m ost com m ercially im portant industries
globally [3]. The use o f specialized equipm ent and culture techniques that optimize production
have significantly increased since the 1990s [1], In 2008, the total production o f m olluscs from
coastal waters was 12.8 m illion tons and valued 12.8 billion US dollars [1].

C urrently, the cultivation o f the Eastern oyster (Crassostrea virginica) along the Atlantic
and G ulf coast o f N orth A m erica supports an im portant fishery and has been harvested for
thousands o f years [4], Follow ing the Pacific oyster (Crassostrea g ig a s \ the Eastern oyster is the
second m ost im portant farm ed oyster w orldwide [3]. Disease am ong cultured Eastern oysters in
m any areas along the Atlantic coast o f the United States has become a m ajor concern [3], Disease
hinders the production of, and revenue from cultured oysters. M ost o f the diseases are highly
species-specific [3] and can have devastating effects on the industry. In som e locations there is
not ju st one disease o f concern, but rather there are several. For exam ple MSX (Haplosporidium
nelsoni), SSO (Haplosporidium costale), and Derm o (Perkinsus marinus) are all diseases caused
by protozoan parasites that are notorious for their devastating effects on Eastern oyster
populations along the Atlantic coast o f the U.S.

W hile all o f these oyster pathogens are o f concern, M SX is o f particular concern since it
continues to spread to new locations. M SX is caused by H aplosporidium nelsoni (syn. M inchinia
nelsoni). This parasite was given the acryonm “M SX” because it was originally described as a
m ultinucleated sphere unknown [5]. M SX was first identified in 1957 in the Delaware Bay [6]
1

and then shortly after was discovered in Chesapeake Bay. Between 1957 and 1959 the infection
spread quickly in Delaware Bay, killing 90-95% o f all the Eastern oysters in the planting ground
and in 1958 spreading up into the seed beds killing 60% o f the oysters [7], In the spring o f 1959,
the parasite m oved into the high salinity areas o f the Chesapeake Bay killing up to 50% o f the
oysters in M ojack Bay-Egg Island areas[8]. Following the initial outbreak in 1959 m ortalities
continued to increase over the next 2-3 years in the lower bay [9], Annual m ortality rates were
50-60% with peak death rates at 20-25% per m onth [10], The parasite has since reported along
the entire east coast o f the United States [9, 11, 12] as well as in the G u lf o f M exico and the
Caribbean Sea [13]. Although a later survey screened 210 oysters from 40 sites in the G ulf o f
M exico for M SX using PCR and histology and found no evidence o f H. nelsoni present [14], The
parasite range has expanded north since the initial M SX outbreak causing epizootic disease as far
north as M aine [11, 15] and N ova Scotia [16]. It was not until the sum m er o f 2010 that MSX was
detected in the Dam ariscotta R iver Estuary (M aine, USA), causing m ass m ortality am ong oysters
raised in the river. Surveys taken by DM R in August 2010 found that average M SX disease
prevalence ranged from 30 to 90% in some locations (S. Ford, Rutgers University, pers. comm.
M arch 2014). Although there was an epizootic M SX disease outbreak observed in the Piscataqua
R iver Estuary in 1995 [11], recent surveys indicate that M SX disease is currently restricted to
the D am ariscotta R iver Estuary.

1.2 Haplosporidia
H, nelsoni is one o f the m ost studied m em bers o f the phylum Haplosporidia [17].
Haplosporidia m akes up a group o f endoparasites that predom inantly parasitize marine
invertebrates, although they have also been found in freshw ater invertebrates [18]. There are at
least 31 species recognized within the phylum [19]. Since their discovery in the late 1800s, the
classification o f species in H aplosporidia has been difficult for taxonom ists and phylogenists and
it has changed m ultiple times. [20], W ith the use o f electron m icroscopy, apparent differences in
spore ultrastructure and spore ornam entation has helped taxonom ists classify species within

Haplosporidia [20-22]. The phylum Ascetospora was abandoned after Haplosporidia and
Param yxea were split into individual phyla [17]. H aplosporidia are currently characterized
m orphologically as a group o f parasitic protists that have a m ultinucleated plasm odial stage and
spores which lack polar filam ents or tubes, as well as an orifice at one pole. The orifice is covered
either externally by a hinged lid or internally by a flap o f wall m aterial[17], Burreson and Reece
(2006) described H. nelsoni spores being covered by epispore cytoplasm except for the edge o f
the opercular lid. The covering is m ade up o f individual ribbons bound tightly together which
separate at the aboral end [22],

There are four genera within Haplosporidia ( Urosporidium, H aplosporidium , Minchinia,
and Bonam ia) [19]. M olecular phylogentics suggest the genera Urosporidium, Bonamia, and
M inchinia are all m onophyletic and H aplosporidium is paraphyletic [22]. This is consistent with
what Reece et al. (2004) found previously using 2 genes, actin and small subunit (SSU) ribosomal
RNA (rRNA). Spore ornam entation and m olecular phylogentic analyses do not always agree with
placem ent o f haplosporidian species within genera for exam ple H. nelsoni and H. costale have
sim ilar spore ornam entation but are not sister taxa according to the phylogenetic analysis [22],
Overall, B urreson and Reece (2006) suggested that spore wall ornam entation is helpful for
defining species but not for assigning species to genera. It is im possible to distinguish between
Bonam ia and H aplosporidium based on m orphology, because they both have the same defining
characteristics [22],

1.3 Life cycle & transmission
To date, none o f the Haplosporidian lifecycles have been com pletely described, m aking it
difficult to piece together the com plete life cycle o f H. nelsoni. Even so, the patterns o f MSX
infection and m ortality in relation to tim ing and duration are well know n [9]. The infective stage
has not been identified but it is believed released from mature sporocysts spore[23, 24], Based on
the extensive spread o f M SX along the Atlantic coast, the infective stage is considered to be
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w ater-borne [9]. Since the earliest infection o f H. nelsoni occurs in the gills and palps the parasite
is m ost likely acquired during feeding [5]. This is sim ilar to other oyster pathogens, such as P.
marinus and H. costale, which are also acquired through feeding.

In the Eastern oyster, the m ost com m only seen life stage o f H. nelsoni is the
m ultinucleated plasm odium containing nuclei that vary in num ber and size [5], The plasm odia
range in size from 5pm to greater than 50 pm in diam eter[25]. The multi nucleated stages o f the
parasite result from successive nuclear and cytoplasm ic divisions as described by Couch (1966),
Farley (1967) and Perkins (1988). Plasm odia form after the cellular m ass o f preplasmodial cells
increase as nuclear division occurs[20]. The earliest stages o f infection by H. nelsoni are found in
the gills and labial palp epithelia [20, 26, 27], As the infection progresses plasm odia can also be
found in the connective tissues in and next to the epithelial cells o f the digestive diverticula [26],
Proliferation o f the parasite was described as nuclear division, growth and plasmotomy
(plasmotomy was usually incom plete). Enlarged plasm odia were observed dividing in the
epithelium along the basem ent m em brane[23]. Proliferation resulted in the spread o f the infection
into connective tissues and sinuses o f the gills [23].

The stages o f sporulation in H. nelsoni have been described [20, 23, 24] but they are
rarely seen in adult Eastern oysters [25].Briefly, small plasm odia and their nuclei increase in size
and divide. Sporonts are formed after nuclear division and contain developing sporoblasts.
Sporoblasts then develop into sporocysts which contain developing spores. M ature spores vary in
length from 5 pm to 11pm [24]. These spores have operculum with overhanging lids [21, 22].
Filamentous projections are attached to the spore wall [22]. The developm ent o f spores occurs
alm ost exclusively in the digestive diverticula o f the oyster [5]. H. nelsoni spores are more
com m only found in juvenile (20 m m ) and heavily infected oysters [25]. A study perform ed by
Burreson (1994) provides evidence that sporulation m ore frequently takes place in juveniles
oysters (one year o f age or less). Sporulation was m ost prevalent (36% o f infected oysters) in

sm aller juvenile oysters com pared to the larger oysters sam pled [28]. Greater prevalence o f
sporulation in spat and juveniles had also been observed by Andrews (1979) and Barber et al.
(1991). Barber et al. (1991) found that at least 75-85% o f all infections reaching advanced stage
in the juvenile oysters (<1 year) sam pled in Delaware Bay produced spores. They suggested that
because sporulation o f H. nelsoni in oyster populations is m ore com m on than suspected, and a
direct parasite life cycle should be reconsidered as oppose to an indirect lifecycle requiring an
interm ediate host [29]. Sporulation in juveniles is seasonal and takes place within a short period
in late June and early July and over a longer period in the fall [29].

Spores are believed to play an im portant role in the transm ission o f M SX disease [25].
T heir structure and thick walls, as described by Rosenfield et al. (1969), suggest that they are
capable o f resisting environm ental extrem es and can survive outside a host for an extended period
o f tim e [30], Experim ental transm ission through proxim ity, feeding, injection, and tissue
transplantation have all failed to cause infection [27, 31, 32], These observations suggest that the
H. nelsoni life cycle is indirect and requires an interm ediate host. The search for the interm ediate
host began in the late 1950s and continues to this day. Even though juvenile oysters have been
found to release spores, Burreson (1994) states that there is still not enough evidence to rule out
an interm ediate host because infections from spores has not been obtained experim entally. Until
a direct life cycle can be dem onstrated in the lab it cannot conclusively be said that the spores
from juvenile oysters account for the high prevalence o f M SX in adults [17]. A study examining
the occurrence and significance o f ingested haplosporidian spores in the Eastern oyster found
ingested spores resem bling H. nelsoni within the lumen o f the digestive tract o f eastern oysters o f
all ages sampled in Delaware Bay[30], Ingested spores were found predom inantly though May to
O ctober (20-40% ) in the oysters exam ined but there was a weak negative correlation with MSX
prevalence the follow ing year [30]. The results supports the idea that the spores are not directly
infective to the Eastern oyster but they may instead require an alternate or interm ediate host [30],
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1.4 Environmental conditions
In m ost cases there is a strong correlation between environm ental conditions and disease
outbreak o f M SX[9]. H. nelsoni is sensitive to salinity and tem perature changes and salinity is a
m ajor factor controlling the distribution o f M SX along the m id Atlantic Coast. Infection and
mortality patterns observed salinity gradients in the D elaw are bay and Chesapeake bay areas, as
well as in vitro studies, suggest that the parasite has a salinity threshold [9, 33-35], In areas with
salinity o f 20ppt and above, H. nelsoni is able to proliferate. Below 15ppt the infection is rare
and developm ent is inhibited. Below lOppt H. nelsoni cannot survive even in an oyster [33]. In
the Chesapeake bay area the lowest annual salinities are in late w inter and spring and salinities
gradually increase in sum m er and fall, the latter providing a favorable environm ent for the
parasite to survive and cause high oyster m ortality rates [6]. Haskin & Ford’s study (1982)
clarified the relationship o f salinity and the distribution o f the parasite in native oysters in the
Delaware Bay. They m onitored M SX infection during a drought in the mid 1960s responsible for
low river flow and high salinities in the upper Delaware Bay. During the period o f drought, the
range o f H. nelsoni expanded and was abundant in areas where low salinities had previously
restricted it. W hen the drought ended in the 1970s, the river flow returned back to normal and the
range o f H. nelsoni retreated back to its original boundaries [33]. During the 1980s the
Chesapeake and Delaware bays experienced m ultiple droughts which allowed the parasite to
move even farther up the estuaries than in previous years [36] causing significant oyster
m ortalities [36].

The rem ission o f the parasite after oysters were m oved into lower salinity areas has been
observed. Ford (1985) investigated the effects o f low salinity on the parasite by m oving infected
oysters from high salinity (20-25ppt) to low salinity(5-15ppt) locations and then m oving them
back to M SX-free high salinity sites. The parasite was elim inated from the oysters exposed to low
salinities [34]. MSX infection disappeared after 2 weeks o f exposure to an average salinity o f
lOppt and tem peratures above 20°C [34]. The infection did not reappear when the oysters were

returned to high salinity [34], W hen infected oysters were exposed to higher salinities (mean
15ppt), the infection disappeared within a month, but reappeared when tem peratures decreased
[34], Results from in vitro tolerance studies suggest that H. nelsoni is physiologically incapable
o f tolerating reduced salinity [35] suggesting reduced incidence o f M SX in low salinity is likely
not due to host defense m echanism s. In these studies, cell viability was determ ined by the uptake
o f trypan blue stain. This stain is excluded by live cells and taken in by dam aged or dead cells.
Destruction o f the parasite began when salinity reached 15 ppt and increased exponentially as
salinity fell to about 9ppt [35], They observed rapid uptake o f the dye within the first 10 minutes
o f the parasite being exposed to reduced salinity. Uninfected oyster hem ocytes showed little
uptake o f the dye at salinities as low as 6ppt [35]. Even with the apparent relationship between
salinity and H. nelsoni, there are some outbreaks that cannot be explained by increased salinity.

Tem perature is also believed to play an im portant role in M SX infection intensity. H.
nelsoni interactions but its role is still not well understood [9], Changes in the tem perature
regimes may influence the developm ent o f the annual cycle o f H. nelsoni infection and mortality
[9], Physiological activity o f both the oyster and the parasite decrease as w ater tem peratures drop
below 5°C in D elaware Bay in the winter[7]. Although prevalence remains the same there is a
consistent decrease in the proportion o f general infections from N ovem ber to February. Myhre
and Haskin (1970) found that over the w inter with cooler water tem peratures, susceptible and
resistant oyster spat had sim ilar levels o f infection when exposed to enzootic waters. With rising
tem peratures in the spring there was a change in the infection patterns between susceptible and
resistant oysters [37]. The prevalence dropped from 73% to 7% in the resistant spat whereas the
prevalence increased in the susceptible spat from 80% to 87%. The overwintering period has also
been found to be detrim ental to the parasite. Since the decline in the infection intensity observed
during w inter is not accom panied by an equal decline in prevalence it suggests that the decline is
due to loss o f parasite in the oyster[7]. This overwintering affect was also seen in Farley (1975).
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Similarly, Douglass (1977) found that H. nelsoni infection in m ortality-resistant stocks o f eastern
oysters becam e system ic(spread throughout the body) as tem peratures declined in the fall [33], In
the spring and summer, when tem peratures increased above 20°C, the infections in resistant
oysters were suppressed allowing the oysters to recover[9], Low prevalence may follow
com paratively harsh winters that had occurred a year before. In Delaware bay high MSX
prevalence in the mid 1960s and from 1972 to 1976 came after m oderate w inter tem peratures [7].
Based on sim ulation, cold winters are im portant in controlling M SX [38].

Tem perature change especially is believed to play an im portant role in the MSX
outbreaks in northeastern US. M SX outbreaks in northeastern U.S. coincide with warm ing trends
in inshore w ater [39]. The northward m ovem ent o f epizootics o f MSX disease has been irregular.
This could be explained by to the fact that tem peratures in relatively shallow areas are now nearly
as warm in the sum m er as the m id-Atlantic locations [40], With MSX disease largely controlled
by salinity and potentially water tem perature it may also be sensitive to clim ate variations from
N orth Atlantic O scillation (NAO) [41 ]. W arm er tem peratures (during a positive phase o f NAO )
favor the parasite and result in oyster m ortality [41]

1.5 Epizoology
The prevalence and intensity o f M SX in oysters follows a seasonal progression [40],
Generally, new H. nelsoni infections are acquired from early June through O ctober each year. In
the spring, as the w ater tem perature increases, the parasite begins to proliferate again and new
m ortalities occur[42]. High prevalence detected in early spring is often a result o f infection
acquired the previous year[7, 42]. Infection levels rapidly decline by late spring; this is believed
to be due to the parasite undergoing sporulation or attem pting to undergo sporulation. Either the
host dies or the parasite ends o f dying leading to reduced prevalence[40], M SX reaches maximum
prevalence and infection intensity in the late fall [40]. Infection levels rem ain high over the
winter, but there are few er m ortalities [6, 9, 42, 43]. This could be a result o f reduced metabolic
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activity o f both the host and parasite[42]. In Delaware Bay, Ford and Haskin (1982) described a
sim ilar pattern, the infection that is acquired in the early sum m er develops quickly and major
m ortalities occur July through October. Prevalence and infection intensity levels are high through
the w inter but it isn’t until late winter and spring that a second m ortality period occurred [7],

Chronic M SX-infections have sim ilar infection patterns as enzootic areas with annual reinfection[43]. There are high infection levels in w inter and late in spring, low levels in sum m er
and early spring[43]. This is the same as in enzootic areas with annual re-infection. Interestingly,
recurring infections in individual oysters alternate between local and system ic infection over the
years, and possibly are dependent on tem perature [43]. Andrew (1984) discussed the
epizootiology o f H. nelsoni during 25 years o f disease activity. Oysters transplanted from diseasefree areas to M SX- infected areas after N ovem ber did not develop severe infection until the
following July [6].

M athem atical m odels o f M SX disease outbreaks based on the physiological processes o f
H. nelsoni and oysters suggest tem perature has a dom inant effect on the prevalence cycle o f H.
nelsoni [38]. Using the M SX model, Hofm ann et al. (2001) investigated the effect o f variations in
environm ental conditions on the prevalence and intensity o f M SX in the eastern oyster population
by varying tem perature, salinity, and food. Overall, although tem perature was still the primary
determ inant o f infection cycles, the sim ulation suggest that there was an optimal time, food
supply and salinity that m axim izes the parasites growth [40],

I.6 Oyster-parasite interactions
The m echanism s behind natural resistance developing in Eastern oyster against H.
nelsoni rem ain a m ystery. In bivalve m olluscs, cellular and hum oral defenses act together to
recognize and elim inate foreign m icroorganism s [44, 45], Phagocytosis is a primary line o f
defense against foreign material in bivalve molluscs [44, 46] and is an im portant defense
m echanism in oyster exposed to various bacteria [46], Ford et al. (1993a) investigated the
9

interaction betw een different bivalve hem ocytes and H. nelsoni through a series o f in vitro
experiments. Their results showed that the phagocytosis o f H. nelsoni plasm odia by C. virginica
hem ocytes is rare for hem ocytes from oysters both selected and unselected for resistance o f MSX
[47]. Lack o f phagocytosis may be due to the sim ilarities between surface properties o f the
parasite and oyster cells that may hinder the recognition o f the parasite. Another possibility is the
parasites may be releasing some sort o f toxin. Granular hem ocytes, the primary phagocytic cells
in C. virginica, were observed using filipodia to contact the plasm odia and then quickly
retreated from the plasm odia [47], An earlier in vitro study also found that fresh oyster hemocytes
exposed to H. nelsoni preparations did not accum ulate around the parasite [48]. These are typical
responses when toxins are released,

Hemocytosis is another cellular response against invaders and has been observed in
M SX- infected oysters. It is well established that hem ocytes help repair wounds [49], Farley
(1968) reported that hem ocytosis occurred in C. virginica with advanced M SX infections.
Hemocyte infiltration took place in the tissue where the parasite was present and the majority o f
the cells were identified as hyalinocytes [26]. There have been varying results in other studies.
In one study, through the w inter hem ocytosis was not observed in infected oysters. It was not
until the sum m er that hem ocytosis was observed[48]. Com paring the exposure responses over
time, native oysters that survived many years o f exposure to H. nelsoni had less o f a cellular
response than oysters infected for the first time. Ford et al. (1993b) investigated the cellular
response o f oysters infected with H. nelsoni by m easuring the circulating and tissue-infiltrating
hem ocytes and found that infection was associated with increased num ber o f circulating
hem ocytes and infiltration o f hem ocytes into the tissue. Hemocyte densities increased with
infection intensity in resistant oysters but were decreased in susceptible oysters[50].

Glycogen is the main energy storage in oysters and plays an im portant role in many
physiological processes [42], After m easuring lipid, glycogen and protein in uninfected oysters,
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and those with epithelial and systemic M SX infections, Barber et al. (1988b) found that all
com ponents decreased with increasing infection intensity. Glycogen content had the most
distinct correlation with H. nelsoni infection [51]. They observed seasonal trends in glycogen
content am ong oysters with all infection intensities[51], A related study exam ined the effects o f
M SX infection on condition index (proportional to am ount o f glycogen in tissue) and fecundity in
the eastern oyster betw een May and N ovem ber 1985[42], The results dem onstrated that MSX was
associated with reduced condition index and infection intensity in the oyster. There were no
reductions in condition index with newly acquired gill infections in August and Septem ber and it
w asn’t until Novem ber, once the infection developed, that the condition index declined[42].
Fecundity was also reduced in relation to MSX infection intensity over the entire MSX infection
cycle[42].

An earlier study perform ed by Newell (1985) provides evidence supporting a reduction in
oyster feeding rate with H. nelsoni infection. The feeding rate was significantly low er in oysters
with M SX infection com pared to uninfected oysters[52]. The parasite may reduce the feeding rate
by directly disrupting the gill cilia or by stim ulating excess m ucus production that could interfere
with normal gill activity [52], H. nelsoni does not only reduce feeding rates it also weakens the
oyster m aking it m ore susceptible to other endoparasites. W argo and Ford (1993) studied the
effects o f both H. nelsoni and Polydora (shell-boring polychaete) on the condition o f the oyster.
After one season o f exposure to both parasites, oysters with H. nelsoni had significantly greater
Polydora intensity but as tim e passed all the oysters had sim ilar intensities [53],

1.7 Resistance
N atural resistance to H. nelsoni am ong oyster populations seems to be developing more
and more. There is evidence o f this when looking at nai've stocks versus upper Delaware Bay
native oysters. Ford and Bushek (2012) observed that infection intensity was never advanced
enough to be considered lethal (less than 5%) in native oysters whereas, by the same date, 80% o f
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the infections in the susceptible (naive) stock were advanced. Earlier studies, such as the long
term study by Haskin and Ford (1979), provided evidence that resistance to M SX associated
m ortality is heritable in laboratory reared oysters as well as wild oysters through natural selection.
Each succeeding generation o f oysters have lower m ortality when exposed to MSX than its
parents, they speculated that susceptible oysters died from MSX infection before they could
spawn, therefore slowly elim inating susceptible oysters from the population[54]. In Delaware
Bay, the H. nelsoni epizootic that began in the late 1950s and continued through the late 1980s
showed a cyclic pattern in which the highest prevalence ranged from 50-90%, but after 1987
prevalence rarely exceeded 30% [55]. Developm ent o f M SX resistance in oysters has reduced
mortality to about h a lf o f its original levels o f around 90-95% m ortality in low er Delaware Bay
[7], Ford and H askin (1982) stated that resistance is not due to the prevention o f the infection,
although it has the ability to limit the parasite to localized, nonlethal lesions. Although prevalence
in certain areas such as the Chesapeake Bay area seems to be decreasing over time, the parasite is
still present within those areas. W hen histology was unable to identify the presence o f parasite,
PCR confirm ed H. nelsoni was present in oyster feces and gill sample [56], The parasite is still
present and widespread. Recently, W ilbur et al. (2012) found that H. nelsoni was present at all
seven sites sam pled in N orth Carolina with a prevalence averaging 54%.

There is evidence o f M SX resistance in other areas as well. Long term data and
com parisons with naive stocks suggest a decline in the im pact o f H. nelsoni on C. virginica in the
Chesapeake Bay [57]. Although in the Chesapeake Bay, infection pressure on naive oysters has
increased, H. nelsoni in wild oysters has decreased and prevalence is usually below 20% [57],
This suggests that the reduced im pact o f H. nelsoni on wild oysters m ust be from natural selection
for disease resistance in the oysters[57]. Overall, C arnegie and Burreson (2011) concluded that
even with H. nelsoni still present, the parasite’s im pact is decreasing in the lower Chesapeake
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Bay region. This is where the oyster populations have had the m ost intense and constant parasite
pressure thus providing m ore evidence that resistance is increasing [57],

Selective breeding program s have worked since the 1960s to help im prove resistance
against bivalve pathogens. C. virginica strains resistant to H. nelsoni infection have been
developed and tested [58]. Each strain has been also subjected to continuous exposure to the
parasite. Ford and H askin (1987) found that survival to M SX infection slowly im proved in
successive generations[58]. Specifically, selected oysters were slower to develop patent infection
and death was delayed when the infection did develop. Although, after repeated exposures to the
parasite m ost o f the oysters were not able to recover from the infection and finally died [58]. The
selected strains w ere able to reach m arket size unlike the unselected oysters [58]. Resistant
strains developed from natural selection and controlled selection can also be used to improve the
chances o f the oyster reaching m arket size before the onset o f MSX mortality. Using triploid
oysters instead o f diploid oysters in highly infected areas has also been considered. A com parison
o f diploid vs. triploid oysters in the Chesapeake Bay dem onstrated that triploid oysters have an
advantage over diploid oysters w hen triploids are disease resistant [59]. W et w eight was two
times greater in triploid oysters than diploids and they were able to reach m arket size earlier.
Even though triploids did not show an advantage in disease incidence overall, the survival was
greater in triploid oysters [59],

1.8 Objectives
The overall objective o f my thesis was to gain insight into H. nelsoni in the Damariscotta
R iver Estuary, Maine. The prevalence o f MSX in C. virginica was assessed using molecularbased assays and histological examinations. Additionally, local biofouling organism s around the
com m ercial oyster farms in the D am ariscotta R iver Estuary were screened for the parasite in
hopes o f finding a reservoir or carrier host(s) providing m ore inform ation into the life cycle o f the
parasite.
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CHAPTER 2: PREVALENCE OF H. NELSONI (MSX) IN THE EASTERN OYSTER,
C. VIRGINICA WITHIN THE DAMARISCOTTA RIVER ESTUARY, MAINE

2.1 Introduction
The Eastern oyster, Crassostrea virginica, is part o f an im portant com m ercial fishery
along the Atlantic coast o f the U nited States. Declining com m ercial landings o f C. virginica in
conjunction with increasing dem and has lead to the developm ent o f a thriving oyster aquaculture
industry. The com m ercial landings o f C. virginica in the Chesapeake Bay decreased 33% in
2010/2011 season from the previous year[60]. On the other hand, aquacultured oysters have
increased substantially over the last five years expanding from 2,000 to 13,000 oysters harvested
in the Chesapeake[60]. Oyster aquaculture in M aine plays an im portant role in the total oyster
yield for the state. A bout 70% o f the total production o f harvested oysters in M aine came from
the D am ariscotta R iver Estuary in 2010 [61]. Recently M SX caused serious declines in oyster
populations in the D am ariscotta R iver Estuary [62].

Since the discovery o f the H. nelsoni which was in Delaware Bay in 1957, it has been
found as far north as N ova Scotia, C anada [16]. The com plete life cycle o f the parasite remains
unknown, m aking the parasite difficult to m anage within the oyster industry. Provisional life
cycles have been published [20, 23, 24], but because the disease has not been successfully
transm itted experim entally from infected oyster to naive oyster[63, 64], the infective stage is still
unknown. W ith concerns that H. nelsoni was m oving into M aine’s oyster industry, a survey was
perform ed in 1990 m easuring the prevalence in the Dam ariscotta River Estuary, ME. At that
time, results showed that H. nelsoni was not at epizootic levels (overall prevalence was less that
2.5% )[15]. In the sum m er o f 2010, substantial m ortalities were observed in the Damariscotta
River Estuary (M. N elson, DMR, p e r s. comm February 2014at which time Departm ent o f Maine
M arine Resources (DM R) confirm ed the presence o f H. nelsoni in several com m ercial oyster
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operations [65], A follow-up survey perform ed by the D M R in spring 2011 confirm ed the high
prevalence (>50% ) o f H. nelsoni at various sites throughout the river, especially within the
com m ercial oyster operations (M. N elson, DMR, pers. comm February 2014).

Under a changing clim ate and environm ent [66], it is im portant to continue m onitoring
the prevalence and infection intensity o f H. nelsoni in the D am ariscotta River Estuary. Many
diagnostic m ethods exist to detect protozoan parasites, including histological examinations,
haem olym ph exam inations, electron m icroscopy, Ray/M ackin fluid thioglycollate medium assay,
and in situ hybridization [21, 22, 67-71]. The developm ent o f m olecular assays such as
polym erase chain reaction (PCR) and real-tim e PCR (qPCR) tests for H. nelsoni are valuable
tools that are highly sensitive and species specific [72-77], These m ethods are also less timeconsum ing and, therefore, can assist in rapid and early detection to help m anage the disease.
A lthough these m ethods are preferred because o f the simplicity and sensitivity, histological
exam inations are still run in conjunction with m olecular tests to rule out false positives and to
determ ine the infection intensity.

The prevalence o f H. nelsoni in the Dam ariscotta R iver Estuary, M aine was surveyed
using PCR and histological examinations in one com m ercial site and tw o natural beds located in
an area that has a high num ber o f oyster farms in order to com pare the current prevalence o f H.
nelsoni within the oyster populations to the M SX prevalence observed in past surveys in the
Dam ariscotta R iver Estuary.

2.2 Materials and methods

2.2.1. Oyster collection
Eastern oysters (C. virginica) were collected from three sites within the Damariscotta
R iver Estuary, ME, at three different tim e points from late sum m er to fall, 2012 (Figure 2.1).
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One commercial site and tw o natural beds were surveyed for parasite prevalence; m ortality was
not monitored. Between 30 and 40 individual oysters were randomly sampled from each location
at each tim e point. O ysters collected from the com m ercial site were from MSX non-resistant seed
spawned in 2010 and were 2 years old (approximately 50-75 mm) at the time o f collection. A
total o f 316 oysters were collected over the course o f a 3-m onth survey period (August,
September, O ctober 2012), and screened for the parasite.

Figure 2.1. M ap o f sam ple sites. Sample site locations in the Dam ariscotta River Estuary, Maine,
USA. Site 1 com m ercial, Site 2 natural bed A and Site 3 natural bed B. M aps obtained from
Maine Basemap m aster http://w w w .m aine.gov/m egis/m aps/.
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2.2.2. Preparation for histological examination and genetic screening for the parasite
Oysters were shucked by separating the tw o valves at the hinge using a shucking knife
and cutting the adductor m uscle away from one o f the valves. Between dissections, dissecting
tools and the shucking knife were disinfected and cleaned with a 5% bleach solution and then
rinsed in 70% ethanol (EtOH). A portion o f the gill was taken from each animal for polym erase
chain reaction (PCR) analysis. Gill tissue samples were preserved in 1.5 ml m icrocentrifuge tubes
(T reff Lab) filled with 300pl 95% EtOH and stored at 4°C. A fter 72 hours, the EtOH was
rem oved and replaced with fresh EtOH. A tissue cross section including part o f the gills, mantle,
reproductive tissue, stom ach, and digestive organs o f the animal was rem oved and placed into a
histology cassette. Sections were placed in D avidson’s fixative for 24 hr after which the solution
was removed and then replaced with 70% EtOH. The tissue cross section was em bedded in
paraffin, sectioned and stained with heam atoxylin and eosin.

2.2.3. DNA extraction and amplification by PCR
DNA from the gill tissue sam ples was extracted using the Chelex protocol as described
by Aranishi and Okim oto (2006). Approxim ately 6 m g o f tissue was w eighed and then
resuspended in 100 pi Chelex Buffer (4 M Urea; Fisher Scientific, 1 pi Proteinase K (20mg/ml;
Prom ega), 5% Chelex; Sigma, 1% N onidet P-40 substitute; Am resco, 1% Tw een 20; Fisher
Scientific). Chelex buffer was preheated to 60°C before adding to the tissue. The sam ples were
then incubated at 55°C for 1 hour. The sam ples were vortexed at the start o f incubation and 30
minutes into incubation and at the end o f 1 hour. After, the samples were incubated at 100°C for 8
min. The sam ples were then centrifuged at 15,000g for 5 minutes and 100 pi o f the supernatant
was transferred to a new 1.5 ml tube where 1 pi 100TE buffer (pH 8.0), 50 pi am m onium acetate
(Fisher Scientific) and 400 pi 95% EtOH were added to each tube. The sam ples were vortexed
thoroughly and then centrifuged at 15,000g for 20 m inutes to pellet the DNA. The supernatant
was removed, leaving the DNA pellet. The pellet was washed w ith 200 pi o f 70% ice-cold EtOH
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and centrifuged at 15,000g for 5 minutes. These steps were repeated 2 m ore times for a total o f 3
washes. The pellet was air dried at room tem perature and resuspended in up to lOOpl TE buffer
(lOmM Tris-H CL; Fisher Scientific, O.lm M EDTA; Acros Organics). DNA concentrations
(pg/m l) were determ ined using a spectrophotom eter (Biowave II, Biochrom , UK) and a Tray Cell
nanocuvette (H ellm a Analytics). Purified DNA was stored at -20°C.

The prim er set M SX -A ’ and M SX-B (Table 2.1) were used to detect H. nelsoni small subunit
ribosom al RNA (SSU rRNA) gene and am plified a 572bp product[74]. A PCR m aster mix was
made containing 5x Green GoTaq Flexi buffer (Prom ega), M gC l 2 (25nM ), dNTP m aster mix
(lOmM ), GoTaq H ot Start Polym erase (5 p/pl), nuclease-free water, and forward and reverse
prim ers (10 mM ). A total o f 1.5 pi o f DNA tem plate was added to each reaction. The final
volum e for each reaction was 25 pi. The reactions cycled in a therm al cycler (Eppendorf
epgradient m aster cycler) 94°C for 5 m inutes and 30 cycles o f 94°C for 60 seconds, 60°C for 50
seconds, 72° C for 29 seconds followed by 72°C for 5 minutes. The PCR product was evaluated
on a 1.3% agarose gel (Am resco) and ethidium brom ide staining (1% solution; Fisher
Bioreagents). The gels were run at 85V for 65 minutes and photographed under UV light
(U:Genius, Syngene, UK; Figure 2.1). The prevalence o f M SX (as a percentage) based on PCR
results were calculated per site at each o f the tim e points surveyed [78].

Prevalence (% ) =

num ber o f M SX positive oysters

X

100

total num ber o f oysters examined

2.2.4. False negative control by PCR
To m ake sure that there was no inhibition and confirm the quality o f the DNA, a subset o f
samples found to be negative for H. nelsoni through PCR were re-run using C. virginica primers
(Table 2.1) that am plified at 397bp sequence o f the C. virginica m itochondrial genome. The
cycling conditions were the same as the H, nelsoni specific reaction cycling conditions. The PCR
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product was evaluated on a 1.3% agarose gel with ethidium brom ide staining (1% solution). The
gels w ere run at 85 V for 65 m inutes and photographed under U V light (U:Genius, Syngene, UK;
Figure 2.2).

Table 2.1 Prim er sets used in this study for Haplosporidium nelsoni (M SX) and Crassostrea
virginica.
Primer sets
1

2

Name
MSX-A'
MSX-B
C. virginica F

Primer sequence 5'-3'
CGA CTT TGG CAT TAG GTT TCA GAC C
ATG TGT TGG TGA CGC TAA CCG

AGT ACC TGC CCA GTG CGA CAA TAA
C. virginica R TCG AGG TGC CAA GCC CTT TAG TTA

Target

Size (bp)

Source

H. nelsoni

572

Day et at 2000

C. virginica
mitochondrial

Pubmed Acc#
397

AY905542.2

genome

2.2.5. Histological examination
Stained histology sections were screened for the presence o f H. nelsoni using an Olympus
BX51 light m icroscope. The H. nelsoni infection intensity rating used in this study was adapted
from H askin Shellfish Research L aboratory’s Haplosporidium nelsoni infection intensity rating
system (Table 2.2). The histology sections were first scanned quickly over the whole body at
100X m agnification and then quickly at 400X m agnification starting at the gills and working over
the entire body (visceral mass, m antle). A fter the whole animal was scanned at the lower
m agnifications, the gills were then exam ined thoroughly at 400X m agnification and scored based
on Table 2.2. Once the gills were exam ined and scored, the body was then examined at 400X
m agnification and scored based on Table 2.2. For every oyster, the gills and body were scored
individually and then the animal was given an overall infection intensity score based the
com bined score for the two tissues. Prevalence based on the histology results were calculated the
same as the PCR results. W eighted prevalence was calculated as the m ean infection intensity
score o f all oysters exam ined at each specific site. Variation in weighted prevalence was
analyzed using 2-way A NO VA to see if there was a significant interaction between the sites and
sam ple tim e (Prism 6, Graphpad Software Inc.).
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Table 2.2. Haplosporidium nelsoni infection rating system for Eastern oyster (Crassostrea
virginica). This shows the H. nelsoni infection intensity assigned to each oyster examined and is
based on the parasite count.
MSX Rating Score Infection Intensity
None detected
Rare
Very light
Light
Moderate
Heavy

0
1
2
3
4
5

Parasite Count
No parasite found in section
1-10 parasites in entire animal
11-100 parasites in entire animal
More than 100 parasites in entire animal
Averaging 1-5 parasite in every field of view (400X)
Averaging more than 5 parasite in every field of view (400X)

2.3 Results
H. nelsoni was present at the three sites. The num ber o f H. nelsoni-positive oysters is
provided in Table 2.3. The oyster gDNA that was tested for false negatives using C. virginica
prim ers am plified the 397bp target sequence (Figure 2.3 ) This suggests there was no inhibition
and the quality o f the gDNA was suitable for PCR. O f the three sites, the highest averaged
prevalence overall was observed at the com m ercial site (Figure 2.4, site 1). In August and
Septem ber the prevalence was high (50% ), but by O ctober it had decreased to 17% (Figure 2.4).
The prevalence in natural bed A (site 2) gradually decreased over the three m onth survey, while
the opposite was observed in the natural bed B (site 3); the prevalence increased over time
eventually peaking in O ctober (Figure 2.4). Overall, the H. nelsoni prevalence determined using
PCR was greater than the prevalence found using histology (Fig. 2.4).

PCR assay results suggested higher prevalence than histology. M SX prevalence estimates
from the histological exam ination data averages approxim ately 32% at all sites and time points
(Fig. 2.4). A lthough m ortalities were not m onitored for this study, m ortality levels in 2012 were
approxim ately 50% in areas that contained commercial stock (C. Newell, Pem aquid Oyster Co.,
pers. comm., February 2014). M SX infection intensity ranged from light to heavy (Fig 2.5).
Spores w ere present in less than 2% o f the oyster exam ined (n=271) (Fig. 2.5D). The average o f
the weighted prevalence was low (< 2) across all sites. The m ean infection intensity (weighted
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prevalence) ranged from 0.36 to 1.67 (rare to very light infection). Analysis o f the weighted
prevalence data (Fig. 2.6) by 2-way ANO VA showed there was no significant difference
associated with site or tim e point. Flowever, the interaction affect was significant (p<0.05).

Table 2.3. Percent prevalence o f Haplosporidium nelsoni (M SX) in Crassostrea virginica.
Oysters collected over 3 m onths in 2012 from 3 different sites in the Dam ariscotta R iver Estuary,
ME. C om parison o f PCR and histology in the detection o f H. nelsoni in oysters sam pled (site 1
com m ercial, site 2 natural bed A, site 3 natural bed B); n: total num ber o f oysters sampled, (%):
prevalence in percent.______________________________ ______________________________________
PCR

August

September

October

Site 1
Site 2
Site 3
Site 1
Site 2
Site 3
Site 1
Site 2
Site 3
Total

n

MSX (+)

MSX (-)

%

n

MSX (+)

Histology
MSX(-)

%

32
40
35
32
32
34
36
38
36
315

16/32
18/40
10/35
16/32
13/32
10/34
6/36
8/38
21/36

16/32
22/40
25/35
16/32
16/32
24/34
30/36
30/38
15/36

50.0
45.0
28.6
50.0
40.6
29.4
16.7
21.1
58.3

32
37
36
12
32
14
36
38
34
271

15/32
12/37
13/36
6/12
10/32
3/14
8/36
6/38
13/34

17/32
25/37
23/36
6/12
22/32
11/14
28/36
32/38
21/34

46.9
32.4
36.1
50.0
31.3
21.4
22.2
15.8
38.2
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Figure 2.2. 1.3% agarose gels o f H aplosporidium nelsoni. PCR product am plified from oyster
DNA extracts. Lanes M, 100 bp size marker, the arrows indicate the expected size o f the product
at 572 bp. (A) Oysters sam pled in August 2012, 6-15 from site 1 (com m ercial) and 34-71 from
site 2 (natural bed A). (B) Oysters sampled in Septem ber 2012 all from site 3 (natural bed B) (C)
Oysters sampled in O ctober 2012 all from site 3 (natural bed B).

Figure 2.3. 1.3% agarose gels o f false negative PCR controls. Crassostrea virginica PCR
products am plified from oyster DNA extracts. Lanes M, 100 bp size marker, the arrows indicate
the expected size o f the product at 397 bp. Num bers assigned to each well represent individual
oysters. (A) Oysters sam pled in August 2012 (B) Oysters sampled in Septem ber 2012 (C)
Oysters sam pled in O ctober 2012.
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Figure 2.4. Prevalence o f Haplosporidium nelsoni at three sites. Sites (site 1 com m ercial, site 2
natural bed A, site 3 natural bed B) sam pled in the Dam ariscotta River Estuary from August
through O ctober 2012. Prevalence calculated from positive PCR and from positive histology.
Prevalence calculated for each site as the num ber o f H. nelsoni positive oysters divided by the
total num ber o f oysters m ultiplied by 100.
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Figure 2.5. Cross sections o f Crassostrea virginica showing various H aplosporidium nelsoni
infection intensities. N one detected (A), light infection (B), m oderate infection (C) and heavy
infection (D) Light infection seen in oyster sampled August 2012 from gills. M oderate infection
seen in oysters sam pled O ctober 2012 from gills. Heavy infection seen in oyster sampled
Septem ber 2012 in epithelia o f digestive tubules. H. nelsoni plasm odia (P) in light and m oderate
infection (B and C), spores (S) in heavy infection (D). Tissue stained with heamatoxylin and
eosin. Images at 400X.
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Figure 2.6. W eighted Prevalence (m ean infection intensity) o f H aplosporidium nelsoni at three
sites. Sites (site 1 com m ercial, site 2 natural bed A, site 3 natural bed B) sam pled in the
D am ariscotta R iver Estuary from August through O ctober 2012. Error bars represent standard
deviation, n values are as follows: August site 1 n=32, site 2 n=37, site 3 n=36 ; Septem ber site 1
n=12, site 2 n=32, site 3 n=14; October site 1 n=36, site 2 n=38, site 3 n=34.

2.4 D iscussion
Results o f my survey show M SX was still present in the Damariscotta River Estuary in
the sum m er o f 2012. From August through O ctober the parasite was detectable by both PCR and
histology. In general for H. nelsoni, the period o f infectivity is from m id May through Novem ber
[79]. From 2003 through 2010, the Haskin Shellfish Research Laboratory o f Rutgers University
perform ed histological exam inations o f oysters from the Dam ariscotta River Estuary. Oysters
from the Dam ariscotta R iver Estuary w ere used as a known H. weAom'-susceptible control for a
selective breeding program [55]. Until 2009, no H. nelsoni parasites were detected. In May 2009,
a rare infection was found in 1 o f 20 oysters. In M ay 2010, infections were detected in 25% o f
the spring sample m ost were light epithelial infections, but by August o f that year, prevalence had
clim bed to 45% and included 25% advanced infections (S. Ford, Rutgers University, pers. comm.,
M arch 2014). B eginning in 2009 H. nelsoni prevalence within the estuary increased markedly,
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with total prevalence in 2010 at 45% and in 2011 prevalence peaked at >50%. The current
histological data show that there was a lim ited reduction in the prevalence in 2012.

Sporulation is m ost com m on in juveniles <1 year old [28, 29] but overall sporulation is
rarely observed in infected C. virginica. It is restricted to the epithelia o f the digestive glands and
it is mainly associated w ith high infection intensity [5], This appears to be the case, too, in the
Dam ariscotta R iver Estuary since I found spores in less than 2% o f total oyster examined. The
orientation within the cut o f tissue and different stages o f the parasite made it difficult to
differentiate betw een plasm odia and spores. However, spores were all restricted to the epithelia o f
the digestive tubules. M any o f the histological sections did not include the gills, so only the
visceral m ass could be examined. If a rare or light infection had occurred it would probably be
found in the gills not the visceral m ass and could have been overlooked in this study. So
prevalence estim ates are low er in this study.

The observed decrease in prevalence over time in the com m ercial site and natural bed A
could be a result o f oyster mortalities. For example, higher prevalence at the beginning o f study
(August) could lead to greater m ortalities within each site as the infection progresses over time.
Potentially, then, only the oysters with low er parasite loads (infection intensity) survived.
Because the m ortalities were not recorded at any o f the sites, it is not possible to correlate
changes in M SX prevalence to oyster mortalities. Based on M SX seasonal infection pattern,
how ever M SX prevalence typically increases through late fall while the cum ulative m ortality also
increases at the sam e tim e [7, 40]. A decrease in prevalence in late w inter occurs due to mortality
o f heavily infected oysters [40].

O ther factors that may have played a role variation in prevalence o f the parasite include
hydrography, tem perature and salinity. The expansion north o f other parasite species has been
linked to increasing w ater tem peratures [38, 39]. H. nelsoni is also very sensitive to changes in
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environm ental conditions, especially tem perature and salinity [33, 35, 41]. Increasing water
tem peratures have been found to play a part in the expansion northward o f other parasites. The
com m ercial oyster operations on the Dam ariscotta R iver Estuary use various culture techniques
which include suspended culture and bottom culture techniques. The com m ercial oyster operation
tested in this study im plem ent both techniques and are located in an area o f the river that has a
high flow rate (30 cm / sec); also the oysters at this site rem ain subm erged at all times (Carter
Newell, pers. comm., M arch 2014). This could potentially increase the chance o f exposure to the
infectious stages. The natural beds have lower flow, and because they are intertidal sites, the
oysters experience aerial exposure during low tide (Carter Newell, pers. comm., M arch 2014).
The oysters in the natural beds also experience low er salinities in the spring and sub-zero
tem peratures in the w inter at low tide, possibly slowing the proliferation o f the parasite and
reducing the prevalence within the oyster populations. Site 3 has substantially low er prevalence in
August and Septem ber com pared to the other tw o sites; this could be a result o f the where the site
is located: oysters at this natural bed could be m ore exposed to the air during low tides and
therefore experience harsher w inter tem peratures. The winters o f 2011 /2 0 12 and 2012/2013 were
relatively m ild and this may have allowed the parasite to persist within the environm ent. The
m ost recent winter, 2013/2014, was especially cold and may suppress the parasite within the
estuary. Developm ents in m easuring local changes in environm ental conditions may contribute
to the understanding o f the epidem iology o f this pathogen within the Dam ariscotta R iver Estuary.

At the tim e o f this study oyster farmers were m oving away from using M SX non-resistant
seed stock. It is possible that the natural beds are being replenished with seed from the cultivated
stocks. Since oysters are broadcast spawners, if all the cultivated sites surrounding natural beds
become seeded with resistant stock then it is anticipated that all the natural beds are likely to
become populated with the same stock. This may affect the M SX prevalence by reducing the
opportunity for the parasite to infect and proliferate within the oyster host. This will further
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reduce the prevalence o f the parasite within the estuary in future years. There is evidence
suggesting that natural selection for M SX resistance is already taking place in other areas.
Infection pressures in Chesapeake Bay are still high but H. nelsoni prevalence in wild oysters has
decreased (< 20% ) as a result o f natural disease resistance [57]. MSX prevalence needs to be
m onitored continually in order to see how the prevalence changes over time, especially as the
industry within the estuary moves to using M SX -resistant stocks and resistance in the natural
beds increase.

Overall, the H. nelsoni prevalence estim ates determ ined by PCR were greater than the
prevalence using histology. This is a com m on result w hen using m olecular diagnostic tools versus
histological exam inations since m olecular based assays are m ore sensitive, allowing detection o f
the parasite at low er levels [72, 74, 80-82]. PCR is also highly specific and can identify the
parasite at any life stage [81]. The difference in prevalence between the tw o techniques used in
this study was not as great as expected. This could be a result o f the PCR therm ocycler run
param eters. It can be difficult to determ ine if there was actually a product band in the agarose gel
(Figure 2.2). This could have lead to an inaccurate count o f M SX positive and negative oysters
for each site. I f PCR w ere run for 35 cycles instead o f 30 cycles that could have allowed more
time for lighter infections to be amplified. Also, the gDNA were not set to equal concentrations;
although the concentrations were determ ined by spectrophotom etry since it was only a yes-or-no
quantification setting all the samples to the same concentration was not important. Some PCR
products were clearly overloaded with DNA and the bands were extrem ely large and bright
whereas some were so light it was hard to identify as a band. A nother possibility is there was an
overestim ation o f the H. nelsoni prevalence through histology by m is-diagnosing H. costale as H.
nelsoni. H. costale is another oyster parasite that is found in the Dam ariscotta River Estuary,
causing the disease SSO. It is nearly im possible to distinguish betw een the plasm odia stages o f
the tw o parasites[71]. Further screening o f the oyster DNA needs to be done using SSO primers.
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Also, histology cassettes for the Septem ber sam pling set were m islabeled and excluded from the
study, so site 1 and site 3 had very small sample sizes (n=12, n=14). The prevalence from PCR
and the histological exam inations were equal (50% ) and this could be a result o f such a small
sam ple size used to calculate prevalence from histology. The small sample size for those two sites
in Septem ber may have skewed the data for the weighted prevalence as well.

2.5 Conclusions
It is apparent that the haplosporidian parasite H. nelsoni was still present in the
D am ariscotta R iver Estuary, ME. Although this study only surveyed a small area, it provides a
valid representation o f the 2012 infection levels o f H. nelsoni present within an area that is
heavily concentrated with commercial oyster farms. M SX prevalence studies should continue in
order to m onitor the parasite within the river. If repeated, the study should be extended and
represent a larger snapshot in time and expand to include m ore o f the river. Currently another
prevalence study is taking place in sum m er 2014 from M ay to O ctober and includes four different
sites, tw o o f the sam e sites as this 2012 study (Com m ercial and natural bed A) and two additional
natural beds, one at the head o f the river (Jack’s Point) and one closer to the m outh (Dodge
Low er Cove). Testing for SSO in conjunction to M SX using specific prim ers would also be
prudent since SSO is now suspected to be in the Dam ariscotta River Estuary as well. Genotyping
the oysters collected from the various sites w ould also provide further inform ation about the sites.
This w ould allow the genetic m ake-up o f the individuals to be determ ined and identifying the
strains that are currently re-populating the natural beds.
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CHAPTER 3: THE SEARCH FOR H. NELSONI IN BIOFOULING SPECIES IN AND
AROUND OYSTER FARMS IN THE DAMARISCOTTA RIVER ESTUARY, MAINE

3.1 Introduction
The route o f transm ission o f H. nelsoni has rem ained a m ystery since its discovery.
Attem pts to transm it the disease experim entally from infected oysters to nai've oysters through
proxim ity, feeding, injection and tissue transplantation have all failed suggesting that there may
be an interm ediate host or hosts involved to com plete the parasites lifecycle [27, 31, 32], Based
on the extensive spread o f the disease along the Atlantic coast, the infective stage is suspected to
be w ater-borne and m ost likely acquired by feeding [5, 9], Sunila et al. (2000) dem onstrated that
the transm ission o f M SX was m ost likely from w ater-borne infectious agents capable o f passing
through 1 mm screen filter.

M any parasites have com plex lifecycles and it is not uncom m on for some parasites to
require an interm ediate host com plete their lifecycle. For example, it was not discovered until the
1980s that the parasite, M yosoma cerebralis, responsible for w hirling disease in salmonids,
requires a tubificid oligochaete to com plete its lifecycle. A nother exam ple is a protozoan parasite,
M arteilia refringens, which infects the European flat oyster, Ostrea edulis. Sim ilar to H. nelsoni,
attem pts to infect oysters experim entally with M. refringens were unsuccessful, suggesting that
there was an interm ediate host or possibly several hosts [83]. Using a m esocosm that had low
biodiversity, Audem ard et al. (2001) were able to screen the entire fauna within the m esocosom
using m olecular diagnostic tools and discovered that the copepod Paracartia grani is a host to M.
refringens and involved in the transm ission o f the parasite.

H aplosporidia continue to be discovered in new habitats and hosts around the world.
With the help o f m olecular-based assays m ore and m ore H aplosporidian species have been
confirm ed in other hosts and locations [17]. Different bivalve, ascidian (tunicate) and polychaete
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species are ju st a few o f the phyla o f animals that have been found to host haplosporidian
parasites o f some stage. Exam ples include, the blue mussel, M ytilus edulis, was found infected
with haplosporidian spores in M aine [84], The ascidian, Ciona intestinalis, has been found to acts
as a host to the haplosporidian species, H. ascidiarum [85], High m ortality am ong cultured
abalone, Haliotis iris, in N ew Zealand was thought to be the result o f a haplosporidian
parasite[86]. M olecular analyses have since confirm ed that the parasite is haplosporidian [87],
Since then, a new m em ber o f Haplosporidia has been identified infecting the European abalone,
H aliotis tuberculata [88].

H. nelsoni continues to be found in new areas and new host species [89, 90], In 2010, H.
nelsoni was reported in the Pacific oyster along the coast o f China, this was the first report o f the
parasite along C hina’s coast [89], Since then, H. nelsoni has caused m assive m ortalities among
Japanese scallops, Patinopectin yessoensis in the Yellow Sea [90]. Based on the wide range o f
habitats that H aplosporidia have been found to reside in, there are potentially thousands o f
species that could be acting as a reservoir or interm ediate hosts. Since M SX has persisted over the
past 60 years and is now prevalent in M aine’s oyster industry the search for potential reservoir
host(s) or interm ediate host(s) are vital for understanding the transm ission and m anagem ent o f the
disease. The search for an interm ediate host has taken place in the past with little success and as a
result nothing has been published. Increasing accum ulation o f biofouling organism s such as
ascidians within aquaculture sites is a growing problem [91], N ative and non-native ascidian
species colonize and take over culture sites. Increased biofouling organism s growing in and
around the shellfish farm s could potentially be harboring the M SX parasite and assisting in the
spread o f the parasite

The developm ent o f m ore sensitive m olecular assays have allowed for organism s to be
screened specifically for the parasite. Developm ent o f quantitative polym erase chain reaction
(qPCR) has allowed rapid for diagnosis o f protozoan parasites [13, 75, 77, 92, 93], Using qPCR
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allows for high-throughput processing and unlike other non-m olecular diagnostic techniques there
is greater sensitivity and allows for absolute quantification o f the target [81]. A qPCR assay for
H. nelsoni using a highly specific TaqM an probe has recently been developed for MSX
m onitoring program s. This assay is highly specific and detects as low as 20 copies o f the cloned
target DNA [81]. In this study, the qPCR assay developed for H. nelsoni was applied to local
biofouling species that w ere collected in and around oyster farms in the Dam ariscotta River
Estuary to screen for the presence o f the parasite in hopes to find potential reservoir hosts in the
area.

3.2 Materials and methods

3.2.1. Clone SSU rRNA target
DNA from M SX- positive oyster was extracted from oysters collected from the
D am ariscotta R iver Estuary M aine during a study o f M SX prevalence in 2012. DNA was
extracted using the Chelex protocol as described by Aranishi and Okim oto (2006). Briefly,
approxim ately 6 m g o f tissue was w eighed and then resuspended in 100 pi Chelex Buffer (4 M
Urea; Fisher Scientific, Proteinase K (0.05m g/m l; Promega), 5% Chelex; Sigma, 1% Nonidet P40 substitute; Am resco, 1% Tween 20; Fisher Scientific). Chelex buffer was preheated to 60°C
before adding to the tissue. The samples were then incubated at 55°C for 1 hour. The samples
were vortexed at the start o f incubation, 30 minutes into incubation and at the end o f 1 hour. The
samples were incubated at 100°C for 8 min. The sam ples were then centrifuged at 15,000g for 5
minutes and 100 pi o f the supernatant was transferred to a new 1.5 ml tube (T reff Lab). A total
o f 1 pi 100TE buffer (pH 8.0), 50 pi am m onium acetate and 400 pi 95% EtOH were added to
each tube. The sam ples were vortexed thoroughly and then centrifuged at 15,000g for 20 minutes
to pellet the DNA. The supernatant was rem oved leaving the DNA pellet. The pellet was washed
with 200 pi o f 70% ice cold EtOH and centrifuged at 15,000g for 5 minutes. This was repeated 2

32

m ore times for a total o f 3 washes. The pellet was air dried at room tem perature and resuspended
in up to lOOpl 10T0.1E buffer (lO m M T ris-H C l; F isher Scientific, 0.1 m M ED TA ; A cros
O rganics).

H.

nelsoni- specific prim ers W ilbur et al. (2012) were used to amplify a 237bp fragm ent

within 16S o f SSU rRNA sequence [94], A volum e o f 2 pi DNA tem plate was added to each PCR
reaction. Using the forward and reverse prim ers in Table 3.1, PCR was conducted on a thermal
cycler (E ppendorf epgradient m aster cycler) with the following run param eters: 94°C for 3
m inutes, 24 cycles o f 94°C for 1 minute, 58°C for 1 minute, 72° C for 2 m inutes followed by 72°C
for 5 minutes. A 2 % agarose gel stained with ethidium brom ide staining (1% solution) was used
to check for product am plification. A lOObp ladder (NEB) with 6x loading dye was run as a
m olecular w eight marker. The gel was run at 85 V for 45 m inutes and photographed under UV
light (Syngene U:Genius). Two o f the am plified PCR products were re-eluted to DNA using the
Prom ega PCR Clean-up kit and the concentrations were checked using the spectrophotom eter
(Biowave II, Biochrom , UK) and a Tray Cell nanocuvette (Hellm a Analytics). U sing the factor 10
cap, the sam ple with an A260:280 ratio greater than 1.5 was selected to clone.

Table 3.1. Prim er set used to target the H aplosporidium nelsoni ssrRNA sequence used for
cloning.
Cloned ssrRNA target
Primer Set

Primer Sequence 5'-3'

Forward

GTG ATG CAG CAG ATG GAA GA

Reverse

GTA CAA AGG GCA GGG ACG TA

Target

Size (bp)

Source

H. nelsoni

237

Wilbur et aL 2012

Since H. nelsoni has not been successfully proliferated in vitro the qPCR assay cannot be
calibrated against absolute parasite num bers instead the cloned gene target will be used to
calibrate the assay [81]. Each PCR product (targeted H. nelsoni sequence) was cloned into the
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plasm id vector pG EM -T Easy using the pGEM -T Easy Vector System (Promega). The optimum
insert to vector ratio for ligation was 10:1. The m anufacture’s protocol was followed except that
the ligation reactions were incubated at 16°C overnight to allow for maxim um transform ants. LB
plates w ere supplem ented with am picillin (lOOpg/ml final concentration; Sigma), IPTG (0.5mM
final concentration; Invitrogen Life Tech), X-Gal (80 pg/m l final concentration; Invitrogen Life
Tech). Duplicate plates were prepared for each ligation reaction. This included the standard
reaction (10:1), a background control w ithout an insert, and a positive control with an insert
provided with the kit. A total o f 2 pi o f each ligation reaction was transferred to new 1.5 ml
m icrocentrifuge tube (T reff Lab) and com bined with JM 109 High efficiency com petent cells for
transform ation. A volum e o f 950 pi o f SOC m edia was added to each tube incubated for 1.5
hours at 37°C while rotating. Each plate was inoculated with 100 pi o f each transform ation. The
positive control was plated at the full concentration and at a 1:10 dilution with SOC media. Plates
were incubated overnight at 37°C. Three white colonies (indicating successful transform ation
com pared to blue colonies) were looped from the 10:1 standard reaction duplicate plates and
grown in separate 5 ml LB +am picillin (100 pg/m l) overnight at 37°C with rotation (not exceeding
16 hours).

Plasm id DNA was eluted using the PureYield Plasm id M iniprep system centrifugation
protocol (Promega). Briefly, since there was a larger volum e o f the bacterial culture two 1.5ml
tubes were used and 1ml o f the bacterial culture was centrifuged at m ax speed for 30 seconds.
Then the supernatant was discarded and an additional 1 ml o f bacterial culture was added to each
tube and spun at m ax speed for 30 seconds. The supernatant was discarded. The pellet was
resuspended in 600pl o f nuclease-free water. Then lOOpl o f the cell lysis buffer was added and
m ixed by inverting. The solution changed colors as an indication that lysis was complete. It was
im portant this step did not exceed 2 minutes. After, 350pl o f cold neutralization solution was
added and m ixed thoroughly by inverting the tubes. The sam ples were then centrifuged at max
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speed for 3 m inutes. The supernatant (approximately 900pl) was transferred to a PureYield
minicolum n. The m inicolum n/collection tubes were centrifuged at m ax speed for 15 seconds. The
flow through was discarded and 200pl o f the Endotoxin Rem oval W ash was added to the
m inicolum n and centrifuged at maxim um speed for 15 seconds. A total o f 400pl o f the column
wash solution was added and centrifuged again at m axim um speed for 30 seconds. The
m inicolum n was transferred to a new sterile 1.5ml tube and 30pl o f elution buffer was added
directly to the m inicolum n matrix. The sam ples incubated at room tem perature for 1 m inute and
then centrifuged at m axim um speed for 15 seconds to elute the plasm id DNA. The plasmid DNA
concentrations (pg/m l) were determ ined using a spectrophotom eter (Biowave II, Biochrom, UK)
and a Tray Cell nanocuvette (Hellm a Analytics). Eluted plasm id DNA was stored at -80°C.

3.2.2. Sequencing
A 5pl aliquot o f the eluted plasm id DNA at a concentration o f 200 ng/pl (1 pg DNA
total) was sent for sequencing to the University o f M aine DNA Sequencing Facility. The T7
forward prim er from the stock prim ers provided by the sequencing facility was selected for
sequencing.

3.2.3. Standard curve using plasmid DNA for qPCR assay
An online copy calculator (http://cels.uri.edu/gsc/cndna.htm l) was used to determ ine the
num ber o f cloned copies. Based on the tem plate size (3252bp) and the am ount o f plasm id DNA
(144.5 ng), the num ber o f copies was 4 .1 2 x l0 10. The standard curve was m ade using a ten-fold
serial dilution series. A total o f 20pl o f stock plasm id DNA was added into 180 pi o f nucleasefree water. For each dilution the DNA was pipetted up and down to m ix and then gently vortexed.
Pipette tips were changed betw een each dilution. Standards containing only 107through 10°
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copies were needed for the qPCR assay. These standards were m ade into lOpl aliquots and only
freeze-thawed a m axim um o f tw o times. The stock and aliquots o f the standards were stored at
-80°C.

3.2.4. Local biofouling organisms and phytoplankton collection
Local biofouling organism s were collected June through N ovem ber 2012. Various
tunicate, gastropod, polychaete, and arthropod species were collected from com m ercial oyster
farm s’ floating docks and oyster bags in the D am ariscotta R iver Estuary, M aine (Figure 3.1).
Upon arrival back at the University o f M aine, photos o f the invertebrates collected were taken
and identification to at least the Genus was attempted. Anim als were stored individually in 95%
Ethanol (EtOH ) in 30ml sterile specim en containers. The EtOH was replaced after three days and
then samples were stored at 4°C until further processing.

During the sum m er o f 2013, phytoplankton sam ples were collected from the
D am ariscotta R iver Estuary o ff the dock o f the Darling M arine C enter in W alpole Maine.
Between 130 and 600m l o f w ater was filtered once a week. Filter paper containing plankton was
then stored in 95% EtOH in 4°C until further processing.
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Figure 3.1. Local biofouling organisms. Biofouling species and other invertebrates collected o ff
o f oyster bags in the Dam ariscotta River Estuary were tested for the presence o f H. nelsoni. (AB)Ascidian biofouling (C) Nereis sp. (D) Lepidonotus squamatus (E) Caprella sp. (F) Idotea sp.

3.2.5. DNA ex tractio n s
Biofouling samples: A high- throughput whole animal DNA extraction m ethod adapted
from the high-throughput method by A ra n ish i a n d O k im o to (2 0 0 6 ) an d P a llo tta M .A . et al.
(2 0 0 3 ) was used on the invertebrate samples. Only tunicate, gastropods, polychaetes, and
arthropods collected in August, September, and October 2012 were processed and screened by
qPCR. Prior to the DNA extractions the whole animal was hom ogenized using a hom ogenizer
(Fisher Scientific). A new disposable hom ogenizing heads (Fisher Scientific) was used for every
animal. Tools were bleached (5% bleach solution) and then washed with 95% ethanol between
each animal. Before hom ogenizing, each sample was dried as much as possible and then weighed.
The weight was recorded and then the animal was cut into small sections and placed in the
corresponding 30ml sterile specim en container. A volum e o f 200pl o f 2X Lysis buffer (without
SDS and Proteinase K) was added for every 25m g o f tissue. 2X Lysis buffer was made up o f
0.5M EDTA pH 8 (40m M final concentration; Acros Organics), 1 M Tris pH 8 (lOOmM final
concentration), 2.5 M NaCl (lOOmM final concentration; Fisher Scientific). A solution o f 10%
SDS (1% final concentration; Am resco) and Proteinase K (20m g/m l; Prom ega) to a final
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concentration o f 0.05m g/m l was added later. H om ogenized samples in 2X Lysis buffer (without
SDS and Proteinase K) were stored at -80°C up to a week before beginning the DNA extraction.

SDS (1% ) and Proteinase K (0.05m g/m l) were preheated to 60°C for 10 minutes before
adding it to the 2X lysis buffer/ hom ogenate. DNA was extracted from 96 anim als at a tim e using
a 96-well PCR plate. A total o f2 0 0 p l o f the thaw ed and vortexed hom ogenate samples were
each added to one well o f the 96-well plate. To reduce the chances o f contam ination across the
G enus’ tested, tunicates, gastropods, polychaetes, and arthropods were all run on separate plates.
A total volum e o f 20.5 pi o f com bined SDS and Proteinase K was added into each well
containing a sample. The plate was placed in a therm ocycler (E ppendorf epgradient master
cycler) incubated at 55°C for 30 m inutes, vortexed and incubated at 55°C for another 30 minutes
and then heated to 75°C for 8 minutes. After the incubation step the plate was centrifuged at 4000
rpm for 20 m inutes and each supernatant was collected and transferred to a 96 deep-well plate
tube where 1 pi 100TE buffer (pH 8.0), 50 pi am monium acetate (Fisher scientific) and 400 pi
95% EtOH were added to each well using a m ultichannel pipette. The plate was vortexed for 30
seconds and then centrifuged again at 4000rpm for 20 minutes. The supernatants were removed,
leaving the DNA pellet at the bottom o f the well. The pellets were washed with 200 pi o f 70%
ice-cold EtOH and centrifuged at 4000 rpm for 20 minutes. Quickly and carefully the plate was
flipped over to decant the EtOH. These steps were repeated 2 more tim es for a total o f 3 washes.
The pellet was air dried at room tem perature and resuspended in lOOpl TE buffer (lOmM TrisHCL, 0.1 mM EDTA buffer).

D N A concentrations (pg/m l) were determ ined using a spectrophotom eter (Biowave II,
Biochrom , UK) and a Tray Cell nanocuvette (H ellm a Analytics). Purified DNA was stored at
-80°C for long term storage. A volum e o f 50 pi aliquots (lOOng/pl) o f working DNA solutions
were made for each sample and stored at -20°C. DNA with an A260:A280 ratios >1.3 were
considered acceptable to use in the qPCR assay.
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Phytoplankton samples: For DNA extraction from each plankton sample, a small piece o f
the filter was cut and dabbed dry and placed into a sterile 1.5ml tube (T reff Lab). Sim ilar to the
invertebrate DNA extractions, 200pl o f the 2X lysis buffer was added with 20.5 pi o f the
preheated SDS (1% ) and Proteinase K (0.05mg/ml). The sam ples w ere then incubated at 55°C for
1 hour. The sam ples were vortexed at the start o f incubation 30 m inutes into incubation, and at
the end o f 1 hour after which the sam ples were incubated at 100°C for 8 min. The samples were
then centrifuged at 15,000g for 5 m inutes and 100 pi o f the supernatant was transferred to a new
1.5 ml tube where 1 pi 100TE buffer (pH 8.0), 50pl am m onium acetate and 400 pi 95% EtOH
were added to each tube. The sam ples were vortexed thoroughly and then centrifuged at 15,000g
for 20 m inutes to pellet the DNA. The supernatant was removed, leaving the DNA pellet. The
pellet was washed with 200 pi o f 70% ice-cold EtOH and centrifuged at 15,000g for 5 minutes.
These steps were repeated 2 m ore times for a total o f 3 washes. The pellet was air dried at room
tem perature and resuspended in up to lOOpl TE buffer (lOm M Tris-HCL, O.lmM EDTA buffer).

DNA concentrations (pg/m l) were determ ined using a spectrophotom eter (Biowave II,
Biochrom , UK) and a Tray Cell nanocuvette (H ellm a Analytics). Purified plankton DNA was
stored at -20°C.

3.2.6. DNA quality tests and false negative controls by PCR
To check the quality o f the DNA, the extracted DNA samples were evaluated on a 1.3%
agarose gel. Samples in each plate were thawed and centrifuged at 1500g for 2 min. Aliquots o f 4
pi nuclease free w ater and lp l 6X loading dye (NEB) were added to sterile 0.5ml tubes. A total o f
1 pi o f stock DNA was added and m ixed by pipetting. A lOObp ladder (NEB) was run as
m olecular w eight marker. A total o f 6pl o f the DNA samples were loaded into each well and the

39

gel was run at 100V for 45 minutes. A fter the gel was placed in a light blocked SYBR Green I
nucleic acid stain bath (lOjul SYBR [10,000X]: 100ml IX TBE) for 30 minutes. The gel was
photographed under U V light (U: Genius, Syngene, UK).

To m ake sure that there was no PCR inhibition (false negative control) and further
confirm the quality o f the DNA, PCR was run using the universal eukaryote prim ers (Table 3.2)
that am plified a full length 18S eukaryotic small subunit ribosom al RNA gene (~1750bp) [95],
PCR m aster m ix containing 5x Green GoTaq Flexi buffer (Prom ega), M gC h (25nM ), dNTP
m aster m ix (lOm M ), GoTaq Hot Start Polym erase (5 units/pl), forward and reverse prim ers (10
mM ) and nuclease free w ater to 25 pi. A total o f 1.5 pi o f DNA tem plate (lOOng/pl) was added
to each reaction. The reactions were incubated in a therm al cycler (E ppendorf epgradient master
cycler) 95°C for 2 m inutes and 35 cycles o f 95°C for 30 seconds, 55°C for 30 seconds, 72° C for 2
m inutes 30 seconds followed by a final extension at 72°C for 7 minutes. The PCR product was
evaluated on a 1.3% agarose gel with SYBR staining (1:10,000). 4 to 6pl o f PCR product was
loaded to each well. A 100 bp ladder (NEB) with 6X loading dye and a lk b Quick-Load ® ladder
(NEB) were run as size m arkers. The gels were run at 100V for 45 m inutes and then stained in a
SYBR bath for 30 m inutes before being photographed under UV light (U:Genius, Syngene, UK).
PCR using the Euk-A and Euk-B prim ers were used with the plankton DNA but because o f the
poor quality and very low DNA yield, stock DNA (<100ng/pl) was added to the PCR m aster mix
and replaced the nuclease free water.

Table 3.2. Prim er set used to amplify 18S eukaryotic ssrRNA sequence.
Universal Eukaryote target
Primer Set

Target

Primer Sequence 5'-3'

Euk-A

AAC CTG GTT GAT CCT GCC AGT

Euk-B

GAT CCT TCT GCA GGT TCA CCT AC
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18S eukaryotic
ssrRNA

Size (bp)

Source

1750

Countway et al. 2005

3.2.7. qPCR assay to screen for MSX
An M SX assay, based on W ilbur et al. (2012) was designed as a TaqM an® assay with a
m inor groove binder (M GB) probe and targets a relatively non-conserved region within the small
subunit RNA gene o f H aplosporidium nelsoni. The prim ers and probe used are provided in Table
3.3. Prim er concentrations were optim ized for the assay to be run on a Biorad CFX Connect.
Optim al prim er concentrations were determ ined by com paring the slope o f the standards and the
efficiency obtained from qPCR assays testing different prim er concentrations. Reagents were
added to each well o f 96-well plates (Biorad). Each reaction included: 5 pi iTaq™ Universal
Probe Superm ix (Biorad), 0.8 pi o f each prim er (800 nM final concentration for each primer),
0.25 pi TaqM an® Probe (250nM final concentration; Applied Biosystems), 2.15 pi nuclease free
water, 1 pi o f DNA tem plate (lOOng/pl) for a lOpl reaction volum e. Every sam ple was run in
triplicate. Every plate also contained standards with 4 x l0 7-4xl0° copies, M SX-positive oyster,
spiked positive control (SPC), and a no tem plate control (NTC). An M SX -positive oyster was
included in every run to assess the consistency o f the probe am ong all the runs. Before loading a
plate, all DNA sam ples and reagents were m ixed and centrifuged at 13,000 rpm for 15 seconds.
Because the probe m ix and probe were light sensitive, the plate was covered with aluminum foil
and only exposed to light while loading triplicate wells. Before loading the plate into the qPCR
machine (Biorad CFX Connect Real-Tim e system), the plate was centrifuged at 1500g for 2
minutes. The qPCR param eters were: 95°C for 3 minutes and 40 cycles o f 95°C for 5 seconds
followed by 60°C for 30 seconds. Results o f the am plification were reported as a quantification
cycle (Cq; Bustin et al. 2009), which represents the num ber o f cycles required for the target
am plification {H. nelsoni) to reach the exponential phase. This is inversely proportional to the
initial concentration o f the parasite present in the sample.
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Table 3.3. Prim er and probe sequences for the M SX qPCR assay.

Primer
Set
Probe

Sequence 5'-3'
Name
GCG CGC TAC AAT GTT GCA
Forward
CGA GAT TAC CCG GCC TTC TC
Reverse
6-carboxyfluorescein (FAM) CGA GTT CAA CCT TGCC
labeled MGB probe

Target

Size (bp)

Source

150

Wilbur etaL 2012

ssrRNA
H. nelsoni

3.2.8. Spiked positive controls (SPC)
A M SX-negative control (oyster D N A ) was run on four different plates to determ ine the
Cq value cutoff. The M SX negative control DNA was also tested using end point PCR with H.
nelsoni prim ers and tissues were exam ined histologically to confirm the sample was negative for
MSX. The m ean Cq value < 34 was set as the threshold for positive samples.

Five separate SPCs were made by pooling M SX negative samples (Cq>34) from
tunicates, arthropods, polychaetes, gastropods and phytoplankton. A volum e o f lOpl o f stock
DNA from each negative sam ple was pooled together in a sterile 1.5ml tube. The new DNA
concentrations (pg/ m l) were determ ined using a spectrophotom eter (Biowave II, Biochrom, UK)
and a Tray Cell nanocuvette (Hellm a Analytics). A 50pl working solution (100 ng/pl) was then
made and spiked with 106 copies o f the H. nelsoni clone target sequence (105 copies final
concentration). The tunicate SPC was pooled from 8 M SX-negative samples, the arthropod SPC
was m ade up o f 14 M SX-negative samples, the polychaete SPC was m ade from 15 MSXnegative samples, the gastropod SPC was m ade from 15 M SX-negative samples and the plankton
SPC was m ade from 6 M SX-negative samples.

3.2.9. Analysis of the qPCR runs
The standards with 4 x l0 °-4 x l0 7 copies (each run in triplicate) from each assay were
averaged together and used to m ake one standard curve that all the sam ples could be plotted
against. The log o f the starting quantity (SQ) m ean was then calculated from the SQ m ean for
each sample. A M SX am plification intensity rating system was designed using the standard
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curve, the M SX- negative control, and an MSX- positive control (Table 3.4). It was designed
based on the limits o f detection o f the assay (Cq >34; where the standard curve began to plateau).
The m ean Cq o f the M SX-negative oyster DNA (Cq 35.35; SD± 0.548) was also taken into
account since this was confirm ed negative with other diagnostic assays. Every biofouling species
screened for the parasite was categorized as having none to high MSX am plification intensity
based on the m ean Cq value o f the qPCR run. After being assigned a M SX am plification intensity
rating the prevalence was calculated for each genus and then for the phylum as a whole with each
rating. Prevalence (% ;[78]) was calculated as:

For each genus;

For each phylum;

% = num ber o f positive for rating X
total num ber screened w/in Genus

100

%= num ber positive for rating X 100
total num ber screened w/in Phylum

Table 3.4. M SX am plification intensity rating system. Ratings based on the m ean Cq from the
qPCR assay results. Biofouling organism s with a Cq above 34 are identified as negative for the
parasite.
M SX am p ification intensity rating
Rating

None

Low

Intermediate

High

M ean Cq

34+

26-33

22-25

14-21

3.3 Results
The qPCR assay was optimized specifically for the Biorad CFX Connect Real-Time
system. Based on the tested prim er concentrations ranging from 300 to 900 nM and the linear
regression o f the H. nelsoni standard curve (4 x l0 ’-4 x l0 7) 800nM was optimal (y=-3.32x+36.449
r2=0.992, efficiency=99.6% ). The m ean Cq o f the standards spanned from 15.5 (SD±0.971) to
34.78 (SD±0.983) (Table 3.5). This assay was sensitive to as few as 40 copies and was highly
linear (r2=0.999) over 6 orders o f m agnitude (4x10' to 4 x l0 6) (Figure 3.2). The M SX-positive
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oyster DNA ran on every plate had a m ean Cq value 21.31 (SD±0.614) and 4 x l0 4 87 copies. This
sam ple was also confirm ed M SX positive using end-point PCR and histology. It was ranked as
heavy infection intensity, averaging m ore than 5 parasites per field o f view at 400X.

Table 3.5. Standard curve o f cloned H aplosporidium nelsoni target sequence. Curve generated
from 4 x l0 7to 4x10° copies. M ean Cq and standard deviation (SD) n: total num ber o f replicates
used to calculate the m ean Cq. M SX-positive oyster m aterial and M SX-negative oyster material
run in the assay.
H. nelsoni Standard Curve and controls
M ean copy num ber
Sample

M ean Cq

SD±

n

7

4 x l0 7

15.50

0.971

41

6

4 x l0 6

16.51

0.651

38

5

4 x l0 5

19.83

0.443

41

4

4 x l0 4

23.61

0.678

42

3

4x103

27.31

0.804

40

2

4x102

30.92

0.809

41

1

4x10'

34.78

0.983

42

0

4x10°

37.30

1.41

26

M SX(+) oyster

4 x l0 487

21.13

0.614

39

M SX(-) oyster

4x10°52

35.35

0.548

9
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M ean Log C opy #

Figure 3.2. H aplosporidium nelsoni averaged standard curve. Regression (y=-3.3446x+37.428,
R2=0.9907) o f mean quantification cycle (Cq) against the m ean log H. nelsoni target DNA copy
number. M SX-positive oyster (M SX+) plotted against the regression line.

The MSX negative control (oyster DNA) was run on four different plates and had Cq
values ranging between 34.8 to 36.6. The spiked positive controls had Cq values between 19 and
21 ranging between 4x104 and 4x105 copies (A. 1-5).

DNA extractions perform ed on entire organism s produced gDNA that was acceptable for
the assay. The DNA quality tests provided a record o f the state o f the DNA from each sample.
Overall the DNA had some im purities, degradation and sm earing but a band was produced by
PCR from the majority o f the DNA sam ples (Figure 3.3). Arthropod sam ples 26-49 did not show
any band only sm earing (not shown). The universal 18S eukaryote prim ers should amplify a
1750bp sequence but m ost o f the samples also produced m ultiple products that ranged in sizes
from ~400bp to ~2000bp (Figure 3.3). gDNA extracted from gastropods were the only samples
that produced a single band at the correct size (Figure 3.3D). DNA quality gels to access quality
were not run on the plankton DNA because the DNA concentrations were so low. Since
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concentrations were so low DNA concentrations per PCR reaction ranged from 65.5 ng/pl to
lOOng/ pi. Only eight sam ples produced a product (~500bp) using the EukA-B primers (Figure
3.4).

Figure 3.3. 1.3% agarose gels o f DNA quality test (QT) and false negative controls. 18S
Eukaryote PCR reactions am plified from biofouling organism s DNA extracts. Lanes M, 100 bp
size marker. Arrows indicate the expected size o f the product at 1750 bp. N um bers assigned to
each well represent individual organism s. (A)Tunicates (B) Polychaete (C) Arthropods (D)
Gastropods
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bp

Figure 3.4. 1.3% agarose gel o f false negative control for phytoplankton. 18S Eukaryote PCR
reactions am plified from phytoplankton DNA extracts. Lane M, 100 bp size marker, the arrow
indicate the size o f the product produced (~500bp). N um bers assigned to each well represent
individual plankton sam ples collected 2013.

The m ean Cq estim ates o f the standard curve was used to estim ate the H. nelsoni copy
num ber present in the tunicates, polychaetes, gastropods, arthropods, and plankton. The Cq
values were plotted along the averaged standard curve (A .l). Overall there was not any particular
phylum that tested highly positive for H. nelsoni. Based on the M SX am plification intensity
rating (none to high) the M SX-positive oyster was categorized as having high parasite copy
number. Out o f all the local biofouling organism s screened in this study tunicates were observed
positive for the parasite more than any other organism. 74.4% o f the com bined tunicates were
found to be negative for the parasite, 24.4% had MSX am plification intensity and 1.3% was
interm ediate intensity. Styela sp. was only tunicates that were found to have intermediate MSX
am plification (3.4%). Between 29% and 67% o f the Styela sp., Ciona sp., and Didemnum sp.
tested were found to have H. nelsoni present at low MSX am plification intensity (Figure 3.5). No
H. nelsoni was detected in any o f the polychaetes screened. Gastropods were mostly negative for
MSX; Littorina sp. and Crepidula sp. both tested for low MSX am plification intensity (5.9% and
10%). Arthropods also tested negative for H. nelsoni except 5.6% o f the Idotea sp. tested were
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found to have low MSX am plification intensity. Out o f the 23 plankton samples that were
screened 73.9% were negative for H. nelsoni and 26.1% were found to have low MSX
am plification intensity.
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Figure 3.5. Haplosporidium nelsoni infection (%) in biofouling organism s. Species collected
from oyster farms in the Damariscotta River Estuary. Infection based on mean Cq value
determ ined by qPCR assay.

3.4 D iscussion
The MSX qPCR assay developed for the Eastern oyster pathogen H. nelsoni [81] was
successfully used to assess the local biofouling organism s that were collected August through
October 2012 and plankton collected the sum m er o f 2013. Since this assay was originally
designed to screen oysters for the presence o f the parasite the assay had to be slightly modified in
order to be applied to a wide range o f organisms. Because this was a prelim inary survey to find
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any potential carrier or reservoir host for H. nelsoni that could be in the area, the biofouling
organism s that were found in and near the oyster farms were targeted. A wide range o f species
w ere sam pled in hopes o f detecting the parasite. The next stage would be to narrow the search
and focus in on a specific genus or species that was found to be positive to determ ine if it was
actually a reservoir host. Ultimately, to determ ine w hether the parasite is actually proliferating
through the host further analysis has to be done. Histological examinations would have to be
perform ed on the organisms collected. H. nelsoni DNA present may signify the organism
consum ed H. nelsoni rather than being a host to the parasite. If the parasite is proliferating in the
organism in question it would suggest that it could potentially be an interm ediate host.

The quality o f the gDNA used in this assay was not optimal because DNA extractions
were perform ed on the entire animal by hom ogenizing the whole animal. This was especially
difficult on the Styela sp. w hich have very tough exterior tunics. DNA extractions were
perform ed on the entire animal as a prelim inary screening for the parasite. The entire animal
needed to be tested for the parasite since was unknown as to where the parasite would be
concentrated. Targeting a particular tissue would be the next step after detecting the parasite in a
particular species. Although there may have been contam ination and degradation o f the DNA,
overall the DNA quality gels show that the DN A extractions were successful. The 18S universal
eukaryote prim ers did not work as well as suspected and produced m ultiple bands. M ultiple
bands som etim es suggest non-specific binding o f the prim ers which may be a result o f the
annealing tem perature. A therm al gradient was run increasing the annealing tem perature to try
and increase the specificity o f the universal prim ers to see if this reduced the num ber o f bands but
did not solve the problem . Other param eters to change were as follows, reduce the extension time
so there w ould be less tim e for non-specific binding, change the M gC l 2 concentration or reduce
the prim er concentration to increase specificity. PCR using the 18S universal eukaryote primers
assessed the DNA degradation and quality. Bands signify the DNA m et the m inim al criteria to
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proceed with qPCR. The spiked positives that were run on each plate also suggested that there
was no inhibition with the DNA. Since the pooled DNA was spiked with 4 x l0 5 copies the log
copy num ber detected in the assay should have been betw een 4 x l0 4 and 4 x l0 5. The spiked
positive controls in this study were within the expected range.

M ost o f the biofouling species sampled were negative for the H. nelsoni. Tunicates had
the highest percentage o f species detected positive for the parasite overall and had the highest
M SX copy number. Specifically, Styela sp. was found to have around 4x104 copies o f H. nelsoni.
It is not surprising that out o f all the biofouling species screened tunicates were found positive
m ore than any other group since ascidians are increasing in num bers and are a growing problem
within aquaculture sites [91]. Didem num sp., a colonial tunicate, was found to have over 60%
tested to be positive with low copy o f H. nelsoni. N ative and invasive tunicate species can
overwhelm culture sites and tunicates have extrem ely high filtering rates and can filter water
more efficiently than bivalves [91], This is another reason why H. nelsoni detected by the assay
could have just been filtered through from the surrounding water. Tunicates have been found to
act as vectors for some harm ful algal bloom (HA B) species [96]. These HAB species can be
passed through the digestive system still intact and spread to new areas. There may be a sim ilar
situation happening w ith H. nelsoni and tunicates since the infective stage is believed to be
waterborne [5, 9, 27]. Low levels o f H. nelsoni were also detected in the plankton samples. This
observation is consistent with the parasite having a w aterborne infective stage. It is likely that the
parasite was not associated w ith the phytoplankton, per se but rather filtered from the water
column. The phytoplankton sam ples were incorrectly stored in EtOH instead o f being stored at 80°C. This could have potentially dam aged all the phytoplankton. The phytoplankton DNA
extraction did not work well. Although, there was som e DNA extracted from a few o f the
samples. Gastropods have been found to act as hosts for other haplosporidian species [88, 97, 98],
H. nelsoni was detected in 2 o f the 3 gastropod species but only at low intensities tested.

50

Based on the results o f this study, the parasite did not seem to be resident in local
biofouling organism s in sam pled in August, September, and O ctober 2012. This could m ean that
none o f the species screened are reservoir hosts to H. nelsoni or that by the tim e the organisms
were sam pled the parasite could have already m oved into the oyster host. Sam pling months were
selected based on w hen it was known that H. nelsoni was present in local oysters. The results
from the M SX prevalence study (chapter tw o) provided evidence that the parasite was present
w ithin the com m ercial and natural beds (Table 3.6). Based on the prevalence observed from that
study, it is clear that oysters are im portant in the lifecycle w hether it is a prim ary host or
secondary host. The M SX prevalence in the oysters was m uch greater than in any o f the
biofouling organism s tested (Table 3.6). O ut o f the biofouling organism s tested, tunicates were
found to have the highest M SX prevalence (up to 85%). The phytoplankton samples in August
had high prevalence (80%; n=5) which was also the same tim e the highest prevalence among
oysters was detected (41.1% ; n=107). There could have been a high level o f the H. nelsoni
infective stage present in the w ater colum n that month. Since the biofouling organism s were
sam pled during the same m onths as the M SX prevalence study in oysters (August, September,
and October) and prevalence was as high as 50% at particular sites there is a possibility that the
parasite had already left the reservoir hosts. If this study was repeated, sam pling should take place
earlier in the sum m er around late M ay/ June before the parasite prevalence is high within the
oyster populations.
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Table 3.6. Prevalence o f H. nelsoni in C. virginica and biofouling species (tunicates, gastropods,
arthropods, polychaetes) and phytoplankton. Anim als collected August 2012 to O ctober 2012 in
the Damariscotta R iver Estuary, M aine. Oysters collected from 3 sites (Details in C hapter 2
prevalence study) and biofouling species collected in and around oyster farms. PCR perform ed on
oyster sam ples, qPCR perform ed on biofouling species and phytoplankton. (*) N o samples
collected.
MSX(-)

M SX(+)
Organism

A ssay

August

September

October

August

September

October

Oysters

PCR

44/107

39/98

35/110

63/107

56/98

75/110

5/28

27/29

Tunicates

qPCR

12/14

2/29

23/28

2/14

Gastropods

qPCR

1/11

0/13

0/5

10/11

13/13

5/5

Arthropods

0/13

0/21

6/6

18/18
*

15/16

0/6

0/18
*

13/13

Polychaetes

qPCR
qPCR

21/21

Phytoplankton

qPCR

4/5

0/3

1/6

1/5

3/3

5/6

1/16

3.5 Conclusion
None o f the sam pled species indicated the presence o f the parasite as either a potential
reservoir or as a host. The search for the interm ediate host o f H. nelsoni continues. Increased
sam pling frequency, and sam pling over m ore months may im prove the chances o f finding an
interm ediate host. A lthough the results from this study did provide some valuable information
about what species are negative for M SX near the oyster farms in the D am ariscotta R iver Estuary.
U sing the sensitive and quick qPCR assay to detect o f H. nelsoni in the local biofouling species
collected provided inform ation as to w hat organism should be focused on for next time. Based on
the results o f this study, m ore tunicates should be screened. The highest parasite copies were
detected in tunicates and tunicates m ake up the m ajority o f biofouling invertebrates in the river.
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CHAPTER 4: GENERAL DISCUSSION AND CONCLUSIONS

H.

nelsoni has been present in the east coast since the late 1950s [9] but it was never an

issue in M aine’s oyster industry until 2010. In the past, C. virginica from the D am ariscotta River
Estuary were often used as the MSX-na'ive oysters in M SX disease studies since H. nelsoni was
not present at the tim e [55]. In the sum m er o f 2010, the Dam ariscotta R iver Estuary experienced
the first large M SX outbreak and the data from the 2012 M SX survey show that the parasite is
still present at high levels [62]. It w asn’t until the disease started to cause m ajor oyster mortalities
that oyster farm ers began to use M SX-resistant seed. N ow the com mercial farms are all using
M SX-resistant stocks.

Even though H. nelsoni has been present along the East C oast now for over h alf a century
it w asn’t an issue in M aine until 2010. This leads to the question, what has recently changed in
the environm ent to creating a suitable habitat for the parasite to proliferate? It may be that an
introduced organism now present within the river acts as an interm ediate or reservoir host to the
parasite. Biofouling organism s continue to have negative impacts on shellfish aquaculture, native
and invasive tunicates in particular are a growing problem. Since the 1980s invasive tunicates
have spread throughout the coastal waters o f the East C oast [99]. Ciona intestinalis, Styela clava,
Didem num sp., Botrylloides violaceus, M olgula m anhattensis are all invasive tunicate species that
have m ade expanded their range up the coast as far north as C anada [100, 101]. The invasive
species that are potentially harboring the parasite could have been introduced by human activity.
M arine boating practices have been found to spread invasive species to new locations [102],
W arm ing tem peratures as a result o f climate change may have brought introduced species acting
as interm ediate hosts for the parasite into the river. W arm ing tem peratures have been link to
northward distribution shifts in both terrestrial and m arine organism s [103, 104],
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In the past, there w ere a lot few er restrictions on transporting oyster seed from one area
to another. M ore recently, to try to control and reduce the spread o f shellfish diseases, there are
stricter regulations on im port and export o f oysters within the Dam ariscotta River Estuary in
M aine. This is also true in areas like Chesapeake Bay region [105]. Even though the results
discussed in chapter 3 did not support any species as the interm ediate or reservoir host it does not
m ean undoubtedly that one o f the species tested is not actually the interm ediate or reservoir host.
As m entioned in chapter 3, the three sample m onths targeted were August, Septem ber and
October. These m onths were selected based on the results from the M SX prevalence study in
chapter 2. H. nelsoni was present at high levels (up to 50%) proving that the parasite was present
within the oysters in the environm ent. The fact that m ost o f the species screened were negative
for M SX could be due to the fact the parasite had already left the interm ediate host and moved
into the oyster host. I f this is the case then biofouling species should be sam pled a few months
before the prevalence peaks in oysters. Although the infection period lasts from late spring
through the end o f sum m er so this m ight suggest that the parasite continues to cycle through the
interm ediate and/or reservoir host all summer.

Clim ate change is sometimes linked to disease outbreak [106], this is another aspect that
needs to be considered w ith regards to the spread o f M SX disease. Increasing w ater tem peratures
are believed to play som e role in expansion o f the epizootic shell disease affecting lobsters [107].
Changes in clim ate have also shown to aid in range extension other bivalve pathogens such as
Derm o [5, 41]. In the G ulf o f M aine, based on 115 years o f tem perature records, there is a highly
significant increase tem perature [66], It is well known that H. nelsoni is sensitive to salinity and
tem perature and changes in these environm ental param eters may play a part in the northern
expansion o f the disease. Although, through model sim ulations tem perature has been shown to be
the prim ary determ ining factor in the parasites cycle it is the com bination o f m any components
that drive the disease outbreak. From all the in vitro and field experim ent perform ed in the past,
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the parasite is known to flourish at higher salinities (>20 ppt). The salinity o f the Damariscotta
River Estuary is very high with a salinity around 30ppt in m ost parts o f the river. There is an
optimal tim e for M SX outbreak with optimal food supply and favorable salinity along with
tem perature. U nfortunately during the M SX prevalence study in 2012 the CTD (conductivity,
tem perature, and depth reader) located on the com m ercial farm surveyed was tem porarily down
and did not collect any data. This w ould have been useful data to com pare to the M SX prevalence
each m onth and see what sort o f relationship there was between prevalence, salinity and
tem perature for each site that was surveyed. M ost likely it is a com bination o f many factors that
produced the perfect conditions for the parasite to thrive.

W ith the developm ent o f m olecular diagnostics in conjunction w ith histology further
knowledge and understanding o f M SX disease has allowed for better m anagem ent. From the
assays that have developed since the initial discovery o f the parasite industries have learned a lot
about the parasite and as a result have changed their culture technique to try and m anage the
disease. This includes grow ing oysters in reduced salinities or m oving oysters into higher salinity
areas right before reaching m arket size [25]. H aving a tw o-step system may also help reduce
mortality. Since biofouling organism s are an increasing problem various oyster grow-out cages
are being im plemented so that they can sit at the surface o f the w ater and rotate. H alf the cage is
ju st above the surface o f the w ater exposing the biofouling organism s to UV light ultimately
killing them while the oysters rem ain subm erged. The vicinity o f non-infected oysters to oysters
infected with the parasite does not m ake a difference in the initiation o f newly acquired infection
[5, 55], Ford and H askin (1988) examined w hether height in the w ater colum n reduces the risk o f
M SX infection. Infections were obtained and intensified at approxim ately the same tim e [108],
This suggests that the infective stage may be equally distributed in the w ater colum n [108] but
oysters grown o ff the bottom usually grow faster and experience less predation.
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Now that all the com m ercial farms on the river are using M SX- resistant seed it will be
interesting to see how this will affect the oyster m ortalities from culture and wild oyster
populations since wild oysters are suspected to be reseeded by the cultured oysters. W ild oyster
populations in D elaware and Chesapeake Bay have becom e naturally resistant to the developm ent
o f the M SX infection and m ortality caused by the parasite [55, 57],

In closing, the goals o f my thesis was to use m olecular-based assays to assess the
presence o f H. nelsoni in the com m ercially valuable bivalve, C. virginica, in the Dam ariscotta
R iver Estuary, M aine and then sample biofouling species in the area in hopes to find an
interm ediate or reservoir host(s). Although an interm ediate or reservoir host was not identified it
is obvious from the results o f both studies that the parasite was present in C. virginica and various
other species. The low levels o f parasite detected in the some o f the biofouling species suggests
that the parasite was at least present within the w ater colum n in that particular area at the time o f
sam pling but additional organism s need to be screened in the future.
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A P P E N D IX A. M SX q P C R assay results

Figure A .l . MSX qPCR assay results for tunicates. Biofouling tunicates tested for the presence o f
H. nelsoni collected from the Damariscotta River Estuary. M ean Cq vs. M ean Log Copy #. Mean
log copy num ber represent the num ber o f H. nelsoni present and is based on the linear regression
o f the standard curve.
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Gastropods

Mean Log Copy #

Figure A.2. M SX qPCR assay results for gastropods. Gastropod species tested for the presence o f
H. nelsoni collected from the Dam ariscotta River Estuary. Mean Cq vs. M ean Log Copy #. Mean
log copy num ber represent the num ber o f H. nelsoni present and is based on the linear regression
o f the standard curve.
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Figure A .3. MSX qPCR assay results for polychaetes. Polychaete species tested for the presence
o f H. nelsoni collected from the Damariscotta River Estuary. M ean Cq vs. Mean Log Copy #.
M ean log copy num ber represent the num ber o f H. nelsoni present and is based on the linear
regression o f the standard curve.
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Figure A.4. M SX qPCR assay results for arthropods. Arthropod species tested for the presence o f
H. nelsoni collected from the Damariscotta River Estuary. Mean Cq vs. M ean Log Copy #. Mean
log copy num ber represent the num ber o f H. nelsoni present and is based on the linear regression
o f the standard curve.
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Figure A.5. MSX qPCR assay results for phytoplankton. Phytoplankton tested for the presence o f
H. nelsoni collected from the Dam ariscotta R iver Estuary. M ean Cq vs. M ean Log Copy #. Mean
log copy num ber represent the num ber o f H. nelsoni present and is based on the linear regression
o f the standard curve.
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